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ELASTIC VELOCITY AND Q FACTOR MEASUREMENTS ON

'APOLLO 12, 14, AND 15 ROCKS

B. R. Tittmann, M. Abdel-Gawad, and R. M. Housley

North American Rockwell Science Center
Thousand Oaks, California 91360

Abstract

The Rayleigh wave velocities were measured in one Apollo 12,

* one Apollo 15, and two Apollo 1k rocks by the impulse technique.

For 14310 vy = 1.20 km/sec; for 14321 vy ~ 0.9 km/sec; for 12063,
on which the orientation dependence was studied; v, = 1.16 - 1.26

R
km/sec; for 15555 VR = 0.32 km/sec; and for synthetic rock‘IOOlT

analogue Ve = 2.26 km/sec. This represents a larger spread by a
factor ofithree than previously feportéd on lunar ignééﬁs>rbéké.-
Absolute Q factor measurement were performed on one Apollo 14 rock
by the vibrating bar teéhnique. For 14310 Q = TC at STP, Q = 10
in water vapor, Q = 150 at 5 x lO—8 mm of Hg and T = 25°C, and Q ~ 800
at 5 x 19"8 mm of Hg and T ~ -180°C. Thus the Q-factor is shown to
increase under exposure to high vacuum and low temperatures towards

values approaching the low end of the range of seismic values (Q =~ 1000).



I. Introduction

In this paper, velocity and Q factor measurements are presented
vhich were made on Apollo 12, 1b and 15 returned lunar rocks 12063.96,
14321.211, 14310.86, and 15555.90.

Earlier elastic property measurements on returned lunar samples
showed anomalous values with respect to corresponding values known’
for terrestrial rocks. Unexpectedly low velocities were observed for
Apollo 11 rocks (Schreiﬁer et al., 1970; Kanaﬁori gg_g;.,>1970) eand for
Apollo 12 rocks (Kanamori gg_é;., 1971; Wang et al., 1971; Tittmann and
Housley, 1971; and Warren et al., 1971). This same trend is again ob-
served in our recent measurements on Apollo 14 samples, and an unusually
low velocity has now been observed on Apollo 15 igneous sample rock
15555. The present invéstigation'includes corparisons ﬁith'terrestrial
rocks and synthetic analogues of lunar rocks, studies of microfractures
by the scanning electron microscope, correlations between microfracture
orientation and Rayleigh wave anisotropy, and elastic measurements under
conditions varying from rock saturation with a liquid to high vacuum.

Q values deduced from lunar seismic data are known to- be anomalously
high (Q =~ 1000-3000) in comparison with the Q factors measured for the
lunar return samples. Low Q factors were observed for Apollo 11 rocks
(Kenamori et al., 1970) and for Apollc 12 rocks (Warren et al., i971;
and Wang et al., 1971). Similarly low Q factors were observed in our
measurement on an Apollp 14 sample at standard temperature and pressure
(sTP). However, we sho# here that the Q factor can be made to rise strongly
under exposure to high vacuum and low temperatures towerds values approaching

the low end of the range of seismic values.



II. Velocity Measurements

A; Suﬁmary of Experimental Results:

| Rayleigh wéve group velocity measurements were performed on portions
of lunar{rocks 12063, 14310, and 15555 as well as on a synthetic enalogue
of lunar rock 10017. The results are presented in Table I together with

. some additional deta from the literature.

Table 1
: Rayleigh Wave

Sample Velocity (km/sec) Comments

12038 0.97 - 1.45 Granular basalt {Tittmann end Housley, 1971)
- 12063 0.94F - 1.26 Diabase

14310 1.20 Basalt

14321 0.90 + 0.15 Matrix material of breccia.

15555 0.28 - 0.34 Olivine basalt, highly fractured

10046 ~ 0.7 (cale.) Micro breccia (Anderson et al., 1970)

Synthetic Analogue , '

of 10017 2.21 - 2.26 Basalt, analogue of lunar rock 10017

Terrestrial ) A S T

Basalt 2.97 - 3.15 Augite basalt with strong flow structure

Most of the measurements were performed by the impulse technique
(Tittmann, 1971) which uses ceramic piezoelectric transducers as trans-
mitter and receiver, both placed on one flat surface of a rock. The Trans-
ducers are separated from the rock by thin soft aluminum foils which serve
as acoustic bonds coupling the sacoustic energy between transducer and rock.
A 0.1 usec wide voltage pulse applied to the transmitter produces an
ecoustic impulse which travels radiaslly outward on the surface with the
Rayleigh wave group velocity and is detected some distance away by the
receiver. In the measurements the distance between the two transducers
is varied giving rise to changes in the signal arrival time of the Rayleigh
wave pulse. Figure 1 is a plot showing sample data on rocks 14310, 15555,
and synthetic analogue of rock 1C017. The slope of the lines through the
date poiats give the absolute group velocities independent of eny inac-
curacies in the absolute position or signal arrivel time determinations.
Spectrum analysis of the received signal gave a maximum at a freguency of
about 2 MHz in the fine grained rocks. For rock 15555 the major frequency
component di.pped to about 700 kHz suggesting the presence of extensive
scattering by the coarse grains in this rock.



B. Discussion:

The lunar samples, with the exception of 14321, are igneous rocks
of compétent, cyrstalline composition. Lunar rocks 14310 and 12063 have
velocities which are lower by a factor of as much as three from those
typically measured in‘terrestrial basalts. Our measurement on & sample
of bassltic flow from northern California gave 2.97 - 3.15 km/sec fér
comparison. A similar difference was observed with bulk waves (Wang
et al., 1971; Warren et al., 1971; and Kanamori gz_g;,, 1971) and‘has
been explained as being due to the presence in lunsar rocks of unfilled
. micro~-fractures. Using the density and elastic constants for‘rock 12063
from measurements of Warren 93_5;. (1971) and assuming that the phase
and group velocity vectors are co-linear (Daniel and De Klerk, 1971), we
calculated the Rayleigh wave velocity from the expressidns givén by
Mason (1958). The calculsted velocity values range fromvl.27‘to 1.6h\km/sec
and thus tend tovbe higher than those meésgred by us directly, aithough fhe
difference is small compared to the total range of bulk velocities reported
thus far.

In contrast, petrological sfudies of rock 14321 by Duncan et al.
(1972), Warner (1972), Swann et al. (1971) end the LSPET (1971) indicate
that rock 14321 has had a complex and multistage formational history,
and is part of a group of moderately thermally recrystallized polymict
breccia. Microscopic examination of our sample 14321.211 suggests that
it is a micro breccia of low coherence. Because of the sample friagbility,
megsurements could noﬁ be made in the normal manner but estimates of the

velocity were obtained by the time of flight method giving the value of



0.9 km/sec. This value is slightly higher than but in approximate
agreement with that calculated for another micro breccia, rock 10046,

from bulk wave data of Anderson et al. (1970).

(a) Rock 12063: Our previous measurements (Tittmenn and Housley, 1971)
of the Rayleigh wave group velocity on lunar rock 12038 and bulk wave

data reported by Wang et al. (1971) and Warfen et al. (1971) suggest
changes of velocity with propagation direction. This was checked by
measuring the relative changes in signal arrival time systematically

as a function of angle at fixed transducer separation on one surface of

8 cube zbout 2 cm on an edge cut from rock 12063; As fhe aﬁgle 8 between
the propagation direction and one sample édge taken as reference was in-
creased; a systematic rise in velocity was observed for low angles fol~
lowed by a decrease and leveling out of the velocity at higher angles.
This result is shown in the solia line in Fig. 2. Polished‘section
optical microscopic examination of rock 12063 showed that microfractures,
vesicles and ilmenite blades tend to be preferentially elongated in the
direction 10 < 6 < 25°, which gave higher velocity values. The total change
in velocity emounted to 9%. Measurements of the linear compressibility of
Apollo 11 samples by Anderson et al. (1970) showed anisot?opy at low pres-
sure which they also suggested arise from a preferential orientation of
microfractures. We mapped the surface of 12063 by the scanning electron
microscope at magnifications from sbout 50 to 500, and found that on a
statistical basis the microfractures showed a preferred orientation in

the direction in which the velocity was highest. Figures 3a, 3b and 3c



shov sample micrographs of a small portion of the surface. The width of
the miérofractures observed ranged from 0.001 to.0.3 mn with most of them
about 0.0l mm in width. A rough estimate of the surface area of micro-
fractures ranged from 5 to 15% of the total surface area. Therefore it
would appear that one contribution to the velocity anisotropy may be a
result of the material being more compliant for stresses perpendicular to
the fractures. Thus, if there is an anisotropy in the distribution of
fracture directions, one may expect an anisotropy in the compliance and
therefore in the velocity of sound. In an effort to shed mére light on

the effect of microfractures on the velocity, the sample was saturated
with a low surface-tension fluid, reagent grade ethanol, and the velocity
moﬁiforéd as the alcohol was allowed to leave the sample by evaporation

and then by evacuation to 10_8 m of Hg. As shown in Fig. lba, the velocity
decreased from 1.61 to 1.26 km/sec with & net change of 25%. This result demon-
. strates that the presence of microfractures and their degree of filling
can have a pronounced effect on the wvelocity of Rayleigh waves.

Sincg our sample 12063 was in the form of a cube, three of whose
faces were smooth enough for Rayleigh wave measurements, the measurements
described above were extended to the other faces to test the uniformity
of the sample through its thickness. Table II‘present velocity values
obtained along various directions and faces on the cube (See Eig. 2 for

reference. )



Table II

Velocity
Direction PFace (km/sec) Corments
x (1) 1.23
y (1) 1.15 path contains pronounced fracture
(~ 0.3 mm wide at surface)
z (3) 0.91
x!' (2) 1.00
v (2) 1.23

Also measurements were performed on each of two orthogonal cube faces
with the two transducers moving perallel at a constant separsation 6f
about 9.5 mm across the entire face. Identical falueslof arrival time
‘would have been expected for a uniform sa@ple. In fact, variations of
up to &Sout 3% were observed for about 1 cm travel. The dashed line

in Fig. 2 shows the variation of velocity with angle on the face opposite
to that corresponding to the solid line. Although the widths and angular
positions of the velocity peaks are not identical their resemblance sug-
gests that the origin of the anisotropy in the surface velocity values
arises at-least in part from inhomogeneity trends which extend through-
out the entire sample. Any interpretation linking these observations
with large scale trends must await the study of meny sampies, so that

effects caused by local inhomogeneities can be eliminated.

(b) Synthetic Analogue of Lunar Rock 10017: In an effort to gain more
insight into the source of microfractures and their influence on the
Rayleigh wave velocity, we studied a synthetic analogue of rock 10017,

a lunar basalt whose Rayleigh wave wvelocity Vg & 0.95 - 0.97 km/sec we
calculated from bulk wave data (Anderson et al., 1970). On the scenning



electron microécope the synthetic rock showed considerably fewer micro-
fractures (Fig. 3c) than either the lunar rock 10017 itself (Anderson

et al., 1970). or our lunar rock 12063 (Fig. 3a, 3b and 3c). The Rayleigh
wave velocity values measured on the synthetic rock were found to be cor-

respondingly high, i.e. = 2.21 - 2.26 km/sec, a factor of more than two

K
higher than those calculated from bulk wave velocities. Therefore it
seens probable that microfractures other than those introduced during

the process of cooling from the melt contribute significantly to the re-
duced velocitiesvof lunar samples. Next the synthetic rock was subjected
to thermal cycling in order to determine whether the diurnal temperature
variation on the lunar surface has any significant effect on the number of
microfractures. The sample was cycled 2600 times between 300°C and -200°C
with the temperature decrease in the cycle being accomplished by & rapid
‘quench. However, petrographic examination showed no detectable change in
the distribution, density, or size of microfractures. These experiments
suggest that the diurnal cycling alone cénnot account for the presence

of microfractures, but rather the more intense thermsal and mechanical
shocks associated with meteoric impact, as has been suggested by Baldridge
and Simmons (1971) or by high temperature subsolidus thermal cycling

(Wang et al., 1972). From the abové studies it séems probable that the
velocities observed in the sysnthetic rocks may be representative of
velocities in lunar basalts which have not been fractured at 5r near

the lunar surface.



.(c) Lunar Rock 15555: Velocity data collected on 15555 were obtained
on many locations on different sample faces, and fell into the range

0.28 - 0.3& km/sec (Tittmenn et al., 1972). These values are three to
four times lower than those obéerved on lunar igneous rocks measured
previously, and less than half those obtained on lunar breccias, as shown
in Table I. Time of flight messurements of the bulk longitudinal wave

velocity also gave low values, i.e. ~ 0.9 - 1.2 km/sec. though these

'p
values are approximate they appear to be somewhat higher than what would
be expected from the observed Rayleigh wave velocity for an assumed density
of p = 3.1 gm/cm3 snd Poisson's ratio of o = 0.23. Microscopié examination
"showed that 15555 is a coarse grained olivine basalt with irregulerly
distributed vugs. Although the rock is highly fractured (see Fig. 3d snd
3e) it shows little evidence of severe shock metamorphism. Care was taken
to make the Rayleigh wave velocity measurements on the more massive portions
of the rock where the vugs were sparsely distributed end did not exceed
ébout 0.1 mm in size. The saﬁple appears coherent and competent in
normal iaboratory handling and it is believed that our values probebly
.represent intrinsic properties.

The existence of a very low elastié wave velocity in this generally
compétent, igneoué rock indicates that the existence of a thick, low

velocity zone near the lunar surface dcoes not necessarily require vostu-~

lating the existence of & thick layer of fines on the moon's surface.
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Field observaticns (Swann et al., 1971) have concluded that the regolith
'in Station 9a at the Hadley Rille rim at which the sample was collected

. -is very thin or absent and that most of the samples collected in this

ares are probably representative of the local bedrock exposed at the rille

rim. From the discussion by Swann et al. (1971) we are not sure of the

exact source of rock 15555. However, this rock is classified (LSPET, 1972)

as typical of the porphyritic olivine basalts and similar in this respect

to 15535 which is- judged most certainly representative of the bedrock.

Thus the assumption that 15555 may have been derived from the upper part

of volcanic bedrocks exposed in the vicinity of the Hadiey Rille seems

Justified. If fhis conclusion is borne ou£ by further studies, the unusually

low velocities messured on this igneous rock should be taken into consider-

ation in the interpretation of the low seismic velocities observed in the

upper layer of the lunar surface.

III. Q-Factor Measurements

A. Introducfion:

The impulse technigue was also used to messure relativé changes in

values for the Rayleigh wave attenuation by

recording the change in the amplitude of the received signal as. a function
of environmental changes. In previous experiments (Tittmenn and Housley,
1971), substantial relative changes in Rayleigh wave amplitude had been
observed in rock 12038 when the absolute aif pressure was changed from
1 atmosphere to 6 x 3.0“7 mm of Hg. The amplitude increased by a total of

25% as the pressure was reduced with most of the change occurring between



. betweén one atmosphere and 1 mm of Hg. In tests where the sample was
- previously outgassed, then pressurized with dry nitrogen gas, this
change between atmospheric pressure and 1 mm of Hg was sbsent. This
result is similar to the results obtained in bulk wave experiments by
Warren et al. (1971). It is well known from adsorption studies that

en estimated 10 to 20 monolayers of H_ O can be adsorbed onto glass and

2
silicate surfaces when exposed to the atmosphere. Qn the basis of these
results and other considerations, it is believéd that the trapping'of
water molecules in the microfractures is an important factor in decreasing
the Q when the lunar return samples are allowed to come in contact with
air. The source for the attenuation is believed to arise from water mole-
cules collected in the regions of the fracture tips. During the passage
of a sound wave pulse, the relative displacements of opposing fracture
.faces can be expected to effectively shorten the crack depth. This

motion of the small amount of ligquid trapped in the fracture probably
gives rise to losses due to the viscosity of the liquid. When our sample
was ssaturated with ethanol and then evacuated to T x 10_8 mm of Hg, the
relative amplitude of the Rayleigh waves increased by a factor of 3.75

as shown in Fig. Ub. This rather substantial change dramatizes the

effect of filling of the microfractures on the relative Q of the sample.
These more qualitative studies of relative changes in Q—factor'were
followed by quantitative measurements of the absolute Q-factor by the

vibrating bar technique, as described below.

3
e

- —
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B. Summary of Experimental Results:
Absolute Q measurements were performed by the vibrating bar technique
" on & 2 cm long ber cut from rock 14310, & recrystallized basalt (Ridley

. et al., 1972). The results are presented in Table III.

Table III
Environmental
Description Absoclute Q Factor
Water Vapor 10
Laboratory Air (humid-dry day) 50 - 90
5 x 10‘8 mm Hg 150
-180°C and 5 x 10‘8 m Hg 800 (highest achieved)
Terrestrial Rock in lab air 65

In the vibrating bar technique, the sample (typically 2 cm long,
2 - 3 mm thick) is held in the center by two needle point set screws
and is vibrated in the longitudinal mode at its resonaence fundamental
by a magnetic drive. The transducers are small soft-iron buttons
‘bonded on each end, one as trensmitter the other as receiver. Because
of the small separation between the coils of the magnetic drives,
extensive shielding with p-metal is necessary to reduce background
.due to direct coupling. The sample mount and megnetic drivers are
mounted on a platform in a bell jar and can be cooled or heated as
‘necessary, the temperature being monitored with a thermocouple in contact
with one of the set screws holding the sample. In Fig. 5 is shown a
. sample plot of data of the freguency response with a § estimasted from
the half width of the resonance curve of Q ® 70 at STP and Q * T00 at
T ~ -180°C and P = 6 x 10 ° mm of Hg.

C. Discussion:
The vibrating bar technique was used to shed more light on the in~
fluence of water vapor on absolute Q of lunar rock (Paendit and Tozer,
1970). Sample 14310 was exposed to hot water vapors as the 2 was being
monitored and found fo diminish drastically. Exposure to hot water vapors for

about 30 seconds lowered the Q from & Q & 90 to about Q~10. Longer exposures

rendered the Q so low it was unmeasurable. Repeated experiments confirmed the
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 conc1usion thet the lunar rocks we studied are gquite permeable, adsorb
~H20 at a rapid rate, and as a result change their Q drastically. Figure 6
shows the effect of exposure to water vapor on the frequency response
curve of 14310.
In a similar manner the vibrating bar technique was used to monitor
the absolute Q as the sample was exposed to a hard vacuum of 5 x 10"8 m
of Hg. At room temperature the Q was found to increase to values in the

range Q@ ® 130 -~ 150. Adsorption studies of H.O on silicates suggest

2
that this increase in Q is probabiy attributable to the removal of adsorbed
water molecules from the microfractures. |

The sbove experiment was eitended by lowering the temperaturé of the
sample while in the hard vacuum. This was accomplished by circulsating
cold N2 gas through a Cu tube coiled around and soldered onto the sample
holder platform. In this way sample temperatures down to -185°C could
be obtained. The Q was found to increase with decreasing temperature
with the highest values Q = 400 - 800 found near T & -180°C at a vacuum
of 6 x 10'? mm of Hg. The highest Q value achieved appears to depend some-
what on such factors as the lowest equilibrium temperature achieved con-
comitant with the hardness of the vacuum, the quality of the trarsducer
bond, and the nearness of the sample holding set screws to the ideal nodal
point. The sample itself was not ideel in shape having a rather nonuniform
cross section. Therefore the higher Q values are probably closer to the
real Q and it is felt that optimization of all the parameters could achieve
even higher values. Tﬁe detailed mechanism for the increase in Q with
decrease in temperature is not ﬁnderstood gt this time. IHowever, since

T

the sample is allowed to be outgassed at 1 x 10 ' mm of Hg for a considerable



© agmount of time the mechanism probably has little to do with the freezing
" of adsorbed water molecules. The well known mechanism for damping by
Coulomb friction between adjacent grains is not likely to give rise to
any strong temperature dependent effect. A thermally activated relax-~
ation mechanism seems to be the moét probgble source of damping. If s=o,
detailed studies of the temperature and frequency dependence should

reveal the source and nature of this mechanism.

IV. Summary Discussion

The observations described.above leavé little doubt that the
presence-of microfractures influence both the velocity and Q—factor
values of lunar rocks. Veloecity data but especially Q data appear to
be influenced by the high degree 6f contamination by terrestrial
atmosphere, emphasized because cf the permeability of the lunar rocks.
Weater vepor especially appears to affect Q values drastically. The high
Q values observed at temperatures near T = -180°C suggest the action of
some unknown mechanism for the damping observed in meessurements at stan-
dard temperature and pressure in eérth's environment which'are aprparently
not present on the moon. Correlations between dats of seismic and
laboratory experiments on terrestrial rocks suggest strongly that Q-
factors are independent of frequency up to the regime of Rayleigh scat-
tering. It is with this basic premise not yet proven for lunar rocks
that the present Q meésurements at frequencies below 100 kHz were made
and interpreted. Our highest observed Q value of Q =~ 800 still does not
match those deduced from the seismic experiments but does approach the

low end of the range of seismic Q.

1k
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With Rayleigh velocity data obtained on real luner rocks and syn-
.thetic analogues we now have a broad range of velocity data available.

These velocities cover about one order of magnitude from v_ = 0.3 km/sec

R

to ALY = 2.2 km/sec and appear to represent the entire fange from highly
fractured to esseﬁtially non~-fractured rocks. These velocities have all
been obtained at zero confining pressure and are therefore representative -
of the more solid material in the upper few kilométeis of the lunar surface.
In view of this spread in velocities it is perhaps noﬁ surprising that

seismic experiments executed in this layer show a high degree of scat-

tering in the data.
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Fig. 1

Fig., 2

Fig. 3

Fig. L

Figure Captions

Sample data of change in signal arrival time as a function
of the transducer separafion for rocks 14310, 15555, and a
synthetic analogue of lunar rock 1001T7. The data wefe ob—‘
tained by the impulse technique (Tittmann, 1971). The re-
ciprocal of the slope gives the Rayleigh wave group |
velocity. '

Plot of Rayleigh wave velocity v @s a function of angle 6
between the direction of sound propagation and an edge of
the sample chosen as arbitrary refetence direction. The
data were obtained for two opposite faces (solid line -
face 1; dashed line - face 2) of rock 12063.96 (a cube of
about 2 cm on edge) for several different separations d
between transmitter T and receiver R.

Scanning electron beam micrographs of rock surfaces ex—
hi‘biting microfractures. (a) and (b) face 1 of rock 12063.96
(¢) same as in (a) but enlarged 10 times. (d) synthetic.rock
lunar analogue 10017. (e) and (f) rock 15555.

Rayleigh wave velocity and relative amplitude as a function
of ambient gas pressure for rock 12063.96 (in the direction
8 = 10° on face 1) starting with the sample fully saturated
with ethanol at atmospheric pressure and ending at about
5x 1078 mm of Hg.

Data plot of amplitude of vibration of a bar of rock 14310

as a function of frequency near resonance at STP. The bar

is driven in the free-free mode of compressional waves.



" Fig. 6 Curves of amplitude of vibration as a function of frequency
- for rock 14310 in a series of oscilloscope traces showing
from left to right how the Q diminishes the longer the bar

is exposed to hot water vapors.
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